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ABSTRACT 
The objectives of this study are  (1) the development of an experi- 
mental capability to  probe the structure of heterogeneous propellant flames 
and ( 2 )  the u t i l i za t ion  of this capabili ty for  exploration of the various 
contiguous flame zones. The purpose i s  an improved understanding of pro- 
pellant flame character is t ics  by acquisition of def ini t ive data on the 
physical and chemical processes i n  the combustion zone. 
The flame structure i s  composed of the interdependent f ie lds  of 
temperature, mass flow and distribution of molecular species. I t  i s  not 
possible to  miniaturize the required probes to  the extremely small scale 
required by flames i n  an ordinary combustion environment. 
pressures the scale becomes suff ic ient ly  1 arge t o  accommodate technical ly 
feasible microprobes, and i t  also appears feasible on the basis of existing 
theory to  scale a flame structure t h a t  i s  mapped a t  low pressure t o  the 
length and time dimensions of flames i n  a high-pressure environment. 
However, a t  low 
On t h i s  basis probes have been developed for  low-pressure flames 
of pressed strands of ammonium perchlorate ( A P )  and combinations of AP 
strands w i t h  sheets of organic binders i n  sandwich configurations. The 
temperature is  measured by f ine  thermocouples embedded i n  the sample. 
gas flow i s  observed by the par t ic le  track method. 
molecular species i s  determined by means of small stationary or moving 
sampling probes leading t o  a mass spectrometer. 
contains windows fo r  visual and motion-picture observation of b u r n i n g  
propellant specimens and i s  f i t t e d  w i t h  various mounts and connections for  
inserting the sampling probe, admi t t ing  iner t  gas and maintaining the de- 
sired pressure. I t  also contains a germanium window to allow a laser  beam 
to enter the chamber. 
auxiliary heat flux t o  the surface of the b u r n i n g  AP or AP-binder sample. 
T h i s  arrangement makes i t  possible to maintain a flame i n  low-pressure 
The 
The distribution of 
The combustion chamber 
The laser beam provides a precisely controllable 
i 
regimes where the heat feed-back from the flame gas to  the sample material 
i s  insuff ic ient  fo r  flame propagation. 
In experiments w i t h  pressed AP strands the control of the laser  
radiation f l u x  was ut i l ized to determine the ef fec t  of flux on the burning 
ra te ,  i .e . ,  the ra te  of regression of the AP-surface, and to determine the 
threshold f l u x  required fo r  ignit ion.  Most of these experiments were per- 
formed a t  atmospheric pressure b u t  some data were also obtained a t  low 
pressures down to  36 tor r .  
was found to  increase w i t h  decreasing pressure from 2.8 cals  cm-' sec-' a t  
760 torr t o  more t h a n  28 cals cm" sec" a t  36 tor r .  
does not b u r n  below 22 atmospheres without an auxiliary heat f l u x .  
threshold b u r n i n g  ra te  a t  22 atmospheres is  0.25 cm sec-' and the correspond- 
ing  heat f l u x  i s  estimated t o  be 130 cals cm sec . For laser-supported 
burning a t  a pressure of one atmosphere the flux corresponding to  th i s  burn-  
i n g  ra te  was found to  be 120 cals cm" sec-' . 
The threshold f l u x  for ignition i n  cals  cm-'sec-' 
I t  i s  known t h a t  AP 
The 
-2 -1 
Mass-spectroscopic sampling was performed w i t h  pure AP-flames and 
Composition traverses of the l a t t e r  flames have 
AP-flames contain substantial amounts of oxides of n i t r o -  
AP-binder sandwich flames. 
yielded excellent definit ion of the regions of  fuel-oxidizer b u r n i n g  and 
pure AP b u r n i n g .  
gen; they consist  principally of NO b u t  N20 and NO2 are a l s o  present. A 
s ignif icant  intermediate product found i n  the zone of fuel-oxidizer com- 
bustion i s  C2H2. 
The thermocouple probes have yielded temperature profiles of h i g h  
q u a l i t y .  The observed pressure-dependent surface temperatures of AP, rang- 
i n g  from 690" t o  780"K, are  i n  excellent agreement w i t h  measurements of 
previous investigators. The observed flame temperatures of 1900" to  2000°K 
are intermediate between the temperature of pure AP (.~1200"K) and of a 
propellant mixture (.~2700"K), as  is expected for  diffusion flames of this 
t Y  Pe e 
The visualization of flow l ines  and measurement of mass velocit ies 
d i f fe rs  from previous investigations of th i s  k i n d  on gas flames, inasmuch 
as the tracer par t ic les  are  i n i t i a l l y  a t  r e s t  a t  the interface between flame 
i i  
gas and sol id  propellant and are  therefore subjected to  much larger accelera- 
tion than i n  the case of par t ic les  moving w i t h  the stream th rough  the com- 
bustion zone of a gaseous fuel-oxidant mixture. I t  i s  therefore necessary 
to  interpret  the observed par t ic le  tracks i n  terms of  drag force and momen- 
t u m  increase. T h i s  problem has been investigated and the capabili ty of 
mapping the flow f i e l d  w i t h i n  acceptable 1 imi ts of accuracy has been demon- 
strated.  Data are  a t  present scanty b u t  they provide suff ic ient  leads 
toward methods for  improving the quali ty and quantity of track observations 
to  ju s t i fy  confidence i n  the experimental capabili ty f o r  this phase of 
flame probing. 
Future work i s  expected to  implement the objectives of the program 
by acquisition of systematic data on temperature, flow and molecular species 
distribution that  permit the mapping of low-pressure flame structures and 
serve the purpose of  an improved understanding of propellant flame 
character is t ics .  
i i i  
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I. INTRODUCTION 
T h i s  report describes the development of experimental apparatus 
and techniques fo r  investigating the detailed structure of heterogeneous 
propellant flames. The task to  be performed comprises the development of 
probes and probing techniques to  monitor the three structural  elements of 
the flame, namely, the temperature f i e ld ,  the f i e ld  of interdiffusion and 
chemical reaction of the fuel and oxidizer components, and the aerodynamic 
flow pattern. I t  i s  generally agreed tha t  in the absence of an experimental 
capability of t h i s  type l i t t l e  further progress can be expected i n  the 
sc ien t i f ic  understanding of propellant combustion, b u t  hitherto the problem 
has largely been regarded as  n o t  amenable t o  a practical solution. T h i s  i s  
due t o  the f ac t  t h a t  i n  an ordinary combustion environment i t  would be 
necessary to  probe the f i e l d  dimensions and f i e ld  changes on a length and 
time scale of the order of microns and microseconds; and i t  i s  readily 
apparent that  no existing method of monitoring events on such small scale 
i s  applicable to  the present problem. 
sider whether a combustion environment can be established i n  which the 
length and time scale i s  suff ic ient ly  large t o  accommodate technically 
feasible microprobes, and whether data obtained on this expanded scale have 
meaningful relations t o  ordinary combustion environments. 
I t  i s  therefore necessary to  con- 
I n  developing the concept of the present program the l a t t e r  
question has n o t  been considered to  be a serious obstacle. 
i f  a flame structure i s  mapped out a t  low pressure, i t  should not be pro- 
hibit ively d i f f i c u l t  t o  scale the flame to  a high-pressure environment. 
One would apply existing knowledge to the ef fec t  of pressure on the chemical 
and physical parameters tha t  determine the flame structure;  and although 
the problem is  complicated by the interdependence of the f ie lds  of tempera- 
ture,  molecular-species distribution and flow,it  i s  not unmanageable. 
In particular,  
On t h i s  basis the decision has been made to  use low-pressure 
f 1 ames of ammoni um perch1 orate  and organic b i  nder materi a1 . 
and fuel are combined as parallel slabs i n  sandwich configuration and burned 
The oxidizer 
1 
a t  pressures between 1 - 760 tor r .  A laser  source i s  used to  provide flame- 
supporting heat flux a t  low pressure where the heat feed-back from the flame 
i s  not suff ic ient  t o  maintain the flow of pyrolysis gas from the solid 
material into the flame zone. The experimental apparatus and procedures 
permit variation of the ambient pressure, the radiant f lux,  the thickness 
of the polymer slab i n  the sandwich configuration, the chemical type of the 
polymer, and other parameters. 
temperature, chemical composi tion and flow comprise f ine  thermocouples and 
The techniques for  probing the f ie lds  of 
optical pyrometry, capil lary probe sampling into a mass spectrometer, and 
par t ic le  tracks f o r  flow observation. 
Some of these probing techniques are  novel and hence a considerable 
experimental e f fo r t  had been necessary to  establish the i r  f eas ib i l i t y  and 
practical application. Other techniques have been used previously i n  similar 
experimental work. The  present program, however, exceeds the scope of 
previous work inasmuch a s  i t  envisages an integral system of probing tech- 
niques for  exploring the structure of solid-propellant flames. As will be 
seen from the material presented below, this objective has been substantially 
accomplished. Using the demonstrated experimental capability i t  i s  now 
possible to  expand the research objective to  systematic data acquisition 
t h a t  will permit an understanding of  the various combustion zones and the 
physical and chemical processes which occur w i t h i n  these d i s t inc t  zones. 
The continuation of the program along these l ines  may be expected to yield 
additionally an increased technical experience and refinements o f  observa- 
tional procedures t h a t  should benefit the efficiency and accuracy of data 
acquisition. 
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11. EXPERIMENTAL APPARATUS AND TECHNIQUES 
A.  SAMPLE PREPARATION 
Sandwich-type samples were used i n  this study which consisted of two 
slabs of compacted ammonium perchlorate ( A P ) ,  one on e i ther  side of a t h i n  
1 ayer of polymer. These sandwiches represent an ideal ized composi t e  sol i d  
propellant configuration which lend themselves to  micro-probing. The polymer 
was generally 0.5 mm thick except for  the composition measurements i n  which 
the polymer was 1.5 mm thick. I t  usually consisted of polymethylrnethacrylate 
(PMM). 
pacted from 20011 powder into strands of 4 x 4 x 38 rnm i n  s ize  and of “95 per- 
cent of crystal density. 
ence 1 .  
Sketches of samples are shown i n  Figures 10 and 11. The AP was com- 
The  mold used for  the pressing i s  described i n  refer-  
Most Sandwiches were prepared by slipping the polymer, cut to  s ize ,  
into the center of the loose AP i n  the mold and pressing the sandwich i n  one 
operation. For temperature or flow measurements, samples were made by glueing 
the AP slabs to  the polymer and inserting a thermocouple or par t ic les  into the 
glued surface (Figure 9 ) .  The glue consisted of PMM dissolved i n  some organic 
solvent. 
of PMM represent a very oxidizer-rich system (overal l ) ,  the oxidizer t o  fuel 
ra t io  being about 5 to  1 .  
Samples consisting of two 2 mm thick pieces of AP on a 0.5 mm piece 
In some of the future experiments, a t  the sponsor’s direction, i t  i s  
planned t o  use sandwiches made from single crystals of AP.  
the program we have obtained a quantity of these crystals  of various s izes  
from Dr. H .  C. Beachell of the University of Delaware. 
In the course of 
B .  TEMPERATURE PROBE 
The thermal structure of the deflagration wave of the sandwich pro- 
pellants was determined by embedding f ine thermocouples i n  the samples. 
P t - P t / l O %  Rh thermocouples w i t h  bead diameters of approximately 12511 were used. 
These melt a t  2045°K (they will withstand somewhat higher gas temperatures 
because of radiant cooling) and were found to  survive i n  the sandwich flames 
a t  0.1 atm pressure a t  low radiant fluxes. A complete mapping of the 
3 
temperature f i e l d  requires that  the profiles be determined a t  points through 
the AP,  the binder, and a t  the AP-binder interface.  
profile was measured to  date i n  the program. Incorporating the thermocouple 
into the sandwich was accomplished by placing the bead on the polymer s t r i p  
and cementing i n  place w i t h  PMM glue. 
glueing the two slabs of AP i n  place. 
i n  the combustion chamber i n  such a way tha t  the thermocouple did not move out 
of the binder-interface plane when the bead emerged from the solid sandwich 
into flame gas during the combustion. T h e  thermocouple output was recorded 
with a Visicorder. 
from motion pictures. 
C .  AERODYNAMIC MEASUREMENTS 
Only the l a s t  type of 
The sandwich was then prepared by 
The leads were then mounted on holders 
I t s  position during the combustion could be determined 
The gas flow pattern and velocity through the flame comprise essen- 
t i a l  parts o f  the flame structure.  
was to  incorporate f ine  par t ic les  into the sandwich and photograph the 
par t ic le  tracks during combustion under high-intensity illumination. 
o f  aluminum oxide par t ic les  (of various sizes b u t  usually 5 , see III-B-2) 
i n  a solvent was prepared and these were painted onto the polymer slab i n  a 
very f ine  l ine  along the length (see Figure 9 ) .  
together. D u r i n g  the b u r n i n g ,  the system was illuminated w i t h  a flashbulb, 
using s l i t s  and ref lectors  as required (references 2 ,  3 ) .  
were photographed a t  r igh t  angle to  the l ighting w i t h  a 16 mm motion picture 
camera. 
The approach taken to determine these 
A slurry 
The sandwich was then glued 
Particle tracks 
Further improvements i n  the par t ic le  track measuring technique are 
anticipated. 
unit ,  and interrupting sector disc.  
These include use of lenses, a s t i l l  camera, electronic flash 
4 
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P 
D. COMBUSTION CHAMBER 
The reactor consists of a s ta inless  s teel  cylinder 7 inches h i g h  
by 6 inches i n  diameter. 
flanges. The top plate contains a mount through which the quartz microprobe 
enters the chamber. 
can be illuminated for  flow pattern measurements. 
flange openings are provided in the front and rear of the chamber. 
f r o n t  opening is closed by a 1/2" thick disc of quartz which allows visual 
observations and motion pictures to  be taken. The rear  opening contains 
f i t t i n g s  to admit iner t  gas and also to  connect t o  a high-capacity (20 l i t e r  
sec-' ) Stokes vacuum pump and manometers I (see Figure 2 ) .  
The  top and bottom a re  closed by 6-inch plates on 
I t  also provides a window th rough  which the par t ic les  
Four and one-half inch 
The  
On both sides of the chamber there are 2-1/2" flange openings. 
The one contains a germanium window to allow the laser  beam to  enter the 
chamber. The other has a graphite block attached to  i t  t o  absorb and d iss i -  
pate laser  energy. Inside the reactor there are  two electr ical  posts to  
take thermocouple leads and one other support t o  hold the sandwich propel- 
lant.  The sample i s  held i n  place w i t h  a s p r i n g  c l i p  attached to  the support. 
E. RADIANT LASER SOURCE 
The external radiant heat source used to  sustain the low-pressure 
combustion processes consisted of a Model 40, C02 Gas Laser. 
wavelength i s  10.611; the nominal output power, 100 watts; the nominal beam 
diameter 1.5 cm. The instrument was purchased from the Coherent Radiation 
Laboratories, Palo Al to ,  California. 
The o u t p u t  
The output power and intensity d i s t r i b u t i o n  were measured with a 
Model 201 Power Meter obtained from the same manufacturer. The resul ts  of 
these measurements are shown i n  Figure 1.  The unfocused beam readily pro- 
vides radiant energy fluxes in the range 0 - 30 cal/cm sec. 
t i e s  were generally suff ic ient  to  sustain the combustion processes a t  
atmospheric and sub-atmospheric pressures. The total  power output, as 
shown i n  ( a ) ,  i s  a monotonically increasing function of the tube current. 
The beam i n i t i a l l y  converges from the output mirror t o  some minimum diameter 
2 These intensi- 
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a t  a distance of a t  l eas t  one meter from the output ref lector ,  and then 
diverges again as shown i n  ( b ) .  The convergence angle is  apparently a 
function of the output power. I t  is caused by a radial temperature gradient 
i n  the output ref lector  which causes i t  to  a c t  as a s l igh t ly  convergent lens. 
The radial intensity dis t r ibut ion is  depicted i n  (c).  As can be seen, the 
intensity d i s t r i b u t i o n  varies across an aligned sample, w i t h  the intensity 
a t  the center of the sample almost a factor  of two higher than the i n -  
tensity a t  the sides of the sample. The spat ia l ly  averaged radiant inten- 
s i t y  across the sample i s  thus approximately 80% of the peak radiant 
intensity.  
In view of t h i s  intensi ty  dis t r ibut ion,  considerable care was 
generally taken to  align the sample axis along the laser  axis. The samples 
were generally burned a t  given distance from the output mirror. Inaccura- 
cies i n  alignment were readily discernible since they caused uneven combus- 
t i o n .  Estimates of the inaccuracies introduced by these geometrical varia- 
tions are of the order of 20%. 
The problem of non-uniformity of energy flux i n  the laser  beam i s  
being attacked by other investigators who are  also using the C02 laser  fo r  
solid propellant combustion studies,  notably the groups a t  NASA Langley and 
a t  Princeton. The former group i s  attempting to  r e f l ec t  the laser  beam off 
a mirror which i s  rotating eccentrically a t  a s l i g h t  angle to  the normal. 
T h i s  technique would, fo r  instance, take a spot of l i g h t  and re f lec t  i t  as 
a c i rc le .  The Princeton group is  passing the focused beam through a l i gh t  
pipe or  kaleidoscope. 
character of the l i g h t  tends to  produce interference patterns which a re  non- 
uniform unless the optical system i s  very carefully aligned. 
refinement of both techniques would be t o  incorporate a vibrator i n t o  the 
system, 
e f fo r t  toward refining the l i gh t  pipe. In addition, we have attempted to  
scramble the beam by passing i t  through s a l t  wafers made by compacting NaCl . 
I t  was t h o u g h t  t ha t  the diffraction and refraction of the l i g h t  by the 
crystals m i g h t  d i f fuse the beam. Various par t ic le  sizes were compacted a t  
several pressures b u t  rather minimal scrambling was obtained even w i t h  the 
T h i s  scrambles the beam somewhat b u t  the coherent 
An additional 
Both methods offer  an improvement and we have devoted considerable 
7 
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most e f f i c i en t  of these wafers. 
passing the beam through a spatial  f i l t e r .  T h i s  consists of focusing the 
l i g h t  a t  a pinhole, the s ize  of which i s  s l igh t ly  smaller than the so-called 
"c i rc le  o f  confusion" a t  the focal point. The pinhole was made i n  a heavy 
copper bar and the emerging beam was collimated, b u t  l i t t l e  improvement i n  
flux uniformity was obtained. 
supplied by the manufacturer, was t r ied and this too was o f  l i t t l e  help. 
I t  was found that  as good a method as any of destroying the mode patterns 
of the laser  output is  to simply misalign the cavity mirrors in the laser  
head. 
factory fo r  the present and has resulted i n  some improvement i n  producing 
f l a t t e r  regressing surfaces on b u r n i n g  sandwiches. 
Another approach which we have t r ied  i s  
Finally, a mode-selection aperture, which is  
This does not produce a h i g h  degree of uniformity, b u t  i t  i s  satis- 
In sp i t e  of these uncertainties, the laser  source i s  substantially 
superior to  previous sources for  these purposes. 
are readily obtained i n  the unfocused beam, whereas arc-image or filament- 
image source requires focusing i n  order t o  obtain comparable intensi t ies .  
The geometrical uncertainties of focused arc- or  filament-image sources 
are much larger t h a n  those of the collimated laser  sources. Furthermore, 
the laser-induced flames a re  readily vis ible  since the source energy i s  i n  
the infrared and does not generate interfering background luminosity. 
These h i g h  radiant fluxes 
F. COMPOSITION PROBE 
The composition measurements were obtained with the apparatus de- 
picted in Figure 2. The apparatus consists of the high-power laser source, 
a combustion chamber, a mass spectrometer sampling system and the associated 
vacuum and h i g h  vacuum pumps. 
through a germanium window and impinged upon the sample. 
generally burned in iner t  atmospheres ranging from 3 - 760 tor r .  
tion products were sampled w i t h  a quartz sampling probe leading to  a mass 
spectrometer. 
easi ly  melt probe tips made of Pyrex glass; however, quartz probes o f  suff ic ient  
wall thickness generally performed sa t i s fac tor i ly .  
the order of 0.01 mm i n  diameter a t  the probe t i p ,  and tapered o u t  conically to  
diameter of 2-3 mm a t  distances of 10 cm above the sample. 
Radiant power from the laser  source passed 
The samples were 
The combus- 
The combined heat from the laser  and the sample flame would 
The Probes aperture was of 
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The sampled combustion products were analyzed w i t h  a Quad 250 
Residual Gas Analyzer purchased from the Ultek Corporation, Palo Alto, 
California. 
conventional electron-mu1 t i p l i e r .  T h e  spectrometer was i n i t i a l l y  isolated 
from the probe and evacuated to  pressures of the order of low7 to r r  w i t h  a 
Veeco 400 h i g h  vacuum system. The sampled combustion products were then 
passed through the spectrometer unti l  a background pressure of the order o f  
lom5 to r r  was obtained. A complete spectrum of the combustion products was 
obtained every 0.2 to  0.4 seconds. The observed spectra were displayed on 
an oscilloscope, where they could be photographed; or  alternatively,  the 
output signal was fed to a recorder. 
The source was a type 353 axial beam ionizer; the detector a 
The mass spectrometer can be operated i n  three mass ranges: 1 - 50, 
10 - 150, and 50 - 500 AMU. Generally,the lowest mass range was suff ic ient  
to  identify the combustion products. The instrument has performed very 
sa t i s fac tor i ly  from the time o f  i t s  i n i t i a l  purchase and instal la t ion.  
Several problems were encountered and were readily resolved. The frequency 
response of the o u t p u t  system was n o t  rapid enough to  follow the peak shapes 
a t  sweep times f a s t e r  t h a n  0.2 seconds per sweep. 
proved somewhat by using a special low-capacitance output cable. A solution 
to the problem of  rapid-scan data recording has been demonstrated: i t  i n -  
volves the use of an emitter-follower output amplifier, coupled to  a record- 
i n g  oscilloscope. 
0.01 seconds per spectrum. 
steady-state experiments sweep times of the order of 0.2 seconds were sa t i s -  
factory. 
transient studies. 
This s i tuat ion was im- 
Complete spectra were t h u s  obtainable in sweep times of 
T h i s  was not a serious problem, since for  a l l  
However, f a s t e r  scan capabili ty is desirable for  ignition and 
Preliminary measurements of the transmission factor of the instru- 
ment were made i n  the low, medium, and h i g h  mass ranges by u s i n g  known 
mixtures of rare  gases. 
discrimination effects  when the instrument is operating i n  the low mass 
range a t  resolving powers of 50 or less.  
discrimination a t  higher resolving powers. 
t i o n  a t  mass 130, i n  the h i g h  mass range, the transmission factor for  the 
The  resul ts  indicate essent ia l ly  l i t t l e  or  no mass 
There i s ,  however, appreciable mass 
For example, for  1 AMU resolu- 
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heavier masses was of the order of 1/3 of the transmission factor for the 
l ighter  masses (where m/am < 50). 
Several sampling systems were fabricated and tested. ’ The major 
problems were: (1)  the design of a probe t i p  w h i c h  was small enough and 
del icate  enough not  t o  disturb the flame, b u t  rugged enough t o  withstand 
the combined heat f l u x  from the flame and the laser;  and ( 2 )  the design of 
a sampling tube w h i c h  minimizes the sampling time-constant and also mini- 
mizes the absorption of species on the wall. Problem (1)  was resolved by 
using a tapered, thick-wall, quartz microprobe which  was able t o  withstand 
the heat f l u x  a l though i t  would glow red-hot in the sample flame. 
order t o  solve problem (Z), the sampling tube was made of as large-diameter 
f lexible  l ine as possible. A f lex ib le  s ta inless-s teel  l ine i n i t i a l l y  used 
was found t o  be a strong source of H20 (and H C 1 )  absorption. 
placed by a f lexible  te f lon  sampling tube. Sampling time constants are 
presently in the hundreds of milliseconds range, and this  appears t o  be 
satisfactory for  the 0.2 second scan times. 
In 
I t  was re- 
12 
111. RESULTS AND DISCUSSION 
A. PURE AMMONIUM PERCHLORATE 
1 .  Flame Characteristics 
The monopropellant flame above pure AP i s  representative of the 
i n i t i a l  s t ructure  of the composite flames for  perchlorate propellants, and i s  
therefore a zero order approximation of the propellant diffusion-flame. 
more, the pure AP flame controls the composite b u r n i n g  ra te  a t  h i g h  pressures. 
Accordingly, the i n i t i a l  experiments were performed w i t h  the pure monopropellant. 
Further- 
8 
The flow pattern observed when pure AP was burned i n  the laser beam 
was generally laminar, 
was readily observed and photographed, 
structure for  a wide variety of pressures and radiant fluxes have been compiled. 
The  flux-induced flame is a s table  orange flame t h a t  
Photographic records of the flame 
2 .  Burning Rate and Ignition Delay vs. Radiant F l u x  
The non-adiabatic burning ra te  for pressed powders of pure AP i n  a i r ,  
a t  one atmosphere, was measured as a function of incident f l u x  intensity.  
sults of these measurements are shown i n  Figure 3 ,  The data points represent 
many individual experimental runs. The total  sca t te r  for  a l l  runs i s  large,  
however the ra te  data dur ing  any given run were quite l inear functions of the 
source power. 
errors i n  measuring the total  source power, errors in determining the spatial  
distribution of the source intensi ty ,  random variations i n  the intensity dis- 
tr ibution, and inaccuracies i n  the sample alignment, 
The re- 
The spread i n  the data points was caused by several factors:  
The measured ignition threshold a t  2.8 cals  an-’ sec-’ i s  the m i n i m u m  
intensity required to  igni te  the surface w i t h  a clearly vis ible  flame. 
this threshold the sample burns readily w i t h  a vis ible  flame, while below this 
threshold, the sample slowly sub1 imes (recondensing on the cold surroundings). 
Above 
I t  is reasonable to  assume tha t  the observed induction time a t  the 
i g n i t i o n  threshold is approximately equal t o  the time required t o  reach steady- 
s t a t e  equilibrium. A steady s t a t e  energy balance a t  this threshold gives: 
/ a t  threshold 
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Figure 3. Laser  -Induced Combustion of Ammonium Perchlorate  
(In Ai r  at One Atmosphere, Lase r  Wave Length is 10.6 9). 
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The symbols used i n  this and the subsequent equation are  defined i n  Section VI. 
The net radiant intensity is the difference between the incident f l u x  and the 
sum of reflected and re-radiated fluxes: 
- 
4 The absorbed fraction of the incident energy i s  (1 - r ) I .  The fraction E ~ u T ~  
i s  re-radiated t o  the surroundings. 
heat, as sensible heat, or is  lo s t  t o  the surroundings by conductive-convective 
processes. The maximum re-radiated loss for  an assumed surface temperature o f  
830°K is 0.65 cals  cm-’ sec-l. T h i s  estimate is  probably somewhat higher t h a n  
the real loss a t  the i g n i t i o n  threshold. 
j u s t  below the ignition threshold i s  0.71 cals crn-‘ sec-l .  The  sensible heat 
term is  d i f f i cu l t  t o  estimate because the quantity ( C  ) T is  n o t  known 
accurately; however, a reasonable estimate is of  the order of 0.4 cals  cm-‘ 
sec . The remaining 1.0 cals cm sec i s  t h u s  the sum of reflectance and 
conductive-convective losses. I t  i s  further assumed t h a t  a t  these low b u r n i n g  
rates io i ( T , ~ , x )  <<( IL)o .  
w i t h  previously reported data for  the other parameters, may now be substituted 
i n t o  the equation: 
The  remainder i s  absorbed as la ten t  
T h e  energy absorbed as la ten t  heat 
g g  b 
-1 -2 -1 
These estimates of non-adiabatic losses, together 
4 
Below the ignition threshold v ~ + ~  = 0, and one observes only ablative 
sublimation i n  the presence of the laser  source. 
the observed and calculated energy fluxes below threshold indicates that  
equation 3 predicts the sublimation ra te  f a i r l y  well. 
threshold, vA+B i s  f i n i t e ,  and us ing  an estimate of 110 cm sec-’ for v ~ + ~ ,  one 
The f a i r  agreement between 
Above the ignition 
15 
obtains: 
= [ 6.0 + 0.8 I (cals  sec- l )  ] x cm sec-’ 0 (4) 
The experimental da t a  are compared with the predicted ra te  i n  
Figure 4.  The agreement i n  absolute magnitude between the predicted and ob- 
served rates  near threshold i s  quite good. This i s  reflected i n  a predicted 
intercept of 6.0 x 
intercept.  
dicted slope. 
cm sec-’ t h a t  is  almost identical w i t h  the observed 
The observed slope, however, i s  s ignif icant ly  higher t h a n  the pre- 
Nevertheless, a 1 i near extrapol a t i o n  of the average measured ra te  t o  
the free-burning threshold value of 0.25 cm sec-l ( a t  22 atm) indicates t h a t  a 
radiant flux of the order of 120 cals  
t h i s  threshold b u r n i n g  ra te  a t  1 atm. This compares favorably w i t h  the calcu- 
lated value for the simulated flame ( a t  22 atm):  
130 cals  cmm2 sec-’. 
sec-l would be required t o  sustain 
vA+Bpg[(Cg)BTb - ( C  ) T ] = g A P  
Any differences are logically a t t r ibutable  t o  three factors.  F i r s t ,  
a fraction of the incident f l u x  i s  reflected by the surface. 
additional energy conducted t o  the surface from the 1 atm flame, which adds t o  
the absorbed rad ian t  energy. 
A t h i r d  factor involves the convective losses which may be both  pressure and 
burning-rate dependent. 
Secondly, there i s  
These f i rs t  two factors tend t o  cancel one another. 
These factors may be different  for the two cases. 
The laser-induced combustion process involves two sources of heat, 
the laser  source and the flame source. This f ac t  could account for the discre- 
pancy between the predicted and observed slopes. I t  was assumed the magnitude 
of the flame source i s  constant independent of laser  power level.  I f ,  however, 
one assumes a moderate increase in v ~ + ~  w i t h  increasing source power, the pre- 
dicted slope would show bet ter  agreement w i t h  the observed da ta .  
3. Burn ing  Rate and I g n i t i o n  F l u x  vs. Pressure 
Measurements of the pressure dependence of the burn ing  ra te  are shown 
Although these da ta  are of a preliminary nature, tentative i n  Figures 5 and 6. 
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conclusions can be drawn. A t  a h i g h  constant flux of 
t ransi t ion from ablative sub1 imation to  flame-burning 
lower fluxes of the order of 10 - 15 cals anc2 sec-’ , 
23 cals  sec-1 , the 
occurs near 100 torr. A t  
the transit ion occurs 
near 160 to r r .  The t ransi t ion occurs near 760 to r r  a t  s t i l l  lower fluxes of 
the order of 2 - 3 cals  Fluxes i n  excess of 28 cals  cmm2 sec-’ 
would be required i n  order t o  induce flame burning a t  pressures of the order 
of 36 t o r r .  These tentat ive estimates of threshold pressure vs. threshold 
ignition flux are plotted i n  Figure 7.  
sec-’ . 
4. Chemical Composition 
The resul ts  of several composition measurements of  the laser-induced 
ammonium perchlorate flame are shown i n  Table I .  
63 to r r  were obtained a t  h i g h  laser  power levels [“23 cals cmm2 sec-’1, while 
the data a t  760 t o r r  were obtained a t  lower laser  power levels [“13 cals 
sec-l I. 
The d a t a  a t  10, 19, 30 and 
As indicated i n  footnote ( a ) ,  the data are not corrected for the pre- 
ferent ia l  absorption of the highly polar gases HC1 and H20 on the walls of the 
probe. Accordingly, the data show H- and C1-atom balances tha t  are invariably 
lower than the theoretical values 40% and 10% respectively. The N atom balance 
i s  invariably larger t h a n  the theoretical 10% value. The 0 atom balance is  
usually close to  the theoretical 40% value since i t  i s  present in H20 which i s  
strongly absorbed, and also i n  NO and O2 which are  not as strongly absorbed. 
The absorption effects  t h u s  tend to  cancel for  the O-atom balance. 
The  data a t  10 t o r r  are averages for two samples: one consisting of 
pure AP, the other containing a t h i n  10 m i l  film of polystyrene near the center 
of the sample. The two runs were i n  good agreement indicating t h a t  i n  these 
runs the probe was sampling essent ia l ly  the pure AP flame. 
t o  note that  for  the low-pressure pure AP sample, the decomposition products 
were observed even though there was not enough vis ible  luminosity to  clearly 
indicate the presence of a decomposition flame. 
I t  is interesting 
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Ablative Sublimation to Flame-Burning). 
Product 
H2° 
N2 
rd o 
O2 
HC 1 
N2° 
N02 
Table I .  Chemical Composition of Laser-Induced 
Pure AP Flameasb 
Percent of Total 
Background eressure (Argon), Torr 
10 - 19 - 30" _. 63 760 ( i n  a i r )  
u
6 29 37 58 
25 12 14 8 
12 15 15 12 
52 36 25 15 
2 5 6 6 
1 1 2 1 
2 2 1 - 
25 
11 
25 
30 
7 
2 
1 
aThese data are  n o t  corrected fo r  the preferential wall absorption of the polar 
constituents HC1 and H20. 
r a t io  which tends t o  reduce the sens i t iv i ty  of the instrument to  the heavier 
masses. 
They are  also uncorrected for  a small transmission 
bThese data - are  corrected for the relat ive ionization efficiency of the molecular 
products a t  the 80-90 eV electron energy used in these experiments. 
'These data ( a t  30 to r r )  were obtained from a composite sandwich of polystyrene- 
perchlorate rather than for  pure AP;  however, so l i t t l e  polystyrene was 
present that  the products analyzed were mainly from the pure AP flame. 
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The data tend to  show an apparent increase i n  re la t ive H20 abundance 
w i t h  increasing pressure, and a decrease i n  O2 abundance w i t h  increasing pres- 
sure. 
flame composition. 
lower pressures caused by wall absorption effects .  These data were obtained 
w i t h  a convoluted, f lexible ,  stainless-steel  side-arm between the probe and 
the spectrometer. Absorption effects  were quite marked. T h i s  side-arm was 
subsequently replaced w i t h  a Teflon tube with which the composite composition 
traverse measurements described i n  Section I11 B were obtained. Some o f  the 
composite data may be representative of the pure AP flame, and will be discussed 
i n  I11 B. 
I t  i s  d i f f i c u l t  t o  say that  this e f fec t  i s  t ru ly  representative of the 
I t  could be caused by a reduced sens i t iv i ty  to  H20 a t  the 
B.  BINDER-PERCHLORATE SANDWICH COMPOSITES 
1 .  Fuel Polymers 
Infrared absorption measurements were made for pure AP and a wide 
variety of polymeric binders. The AP absorption data were i n  substantial agree- 
ment w i t h  previous measurements reported i n  the l i t e ra ture .  The optical absorp- 
t i o n  depth for  pure AP was of the order of 4011 for  radiation of 10.611 wavelength. 
The various organic polymers exhibited a wide variety of absorptivit ies to the 
laser wavelength. T h e  condition required for  a laser  source t o  be a good simula- 
tion of a thermal-conductive flame-source is  tha t  the optical absorption depth 
i n  the polymer be negligibly small compared w i t h  the preheat zone thickness i n  
the sol id .  The absorption measurements indicate t h a t  t h i s  condition i s  sa t i s -  
f ied for  pure AP and most of the polymeric materials of in te res t .  
A practical problem has existed i n  the lascr-assisted sandwich com- 
b u s t i o n ;  namely, getting the sample to  burn  w i t h  a f l a t  surface. 
face has usually been an i r regular ,  inverted-wedge type surface, and th i s  has 
been determined to be due to  three causes: (1 )  non-uniform radiant f l u x  over 
the cross-sectional area of the laser  beam; ( 2 )  possible heat feedback from the 
gas flame, which, if occurring a t  low pressure, would be of different  magnitude 
a t  various regions over the sandwich surface; and ( 3 )  different  rates of abla- 
t i o n  of AP and binder. 
p o r t .  
observations on the pyrolysis of polymers i n  the laser  which re la te  t o  item ( 3 ) .  
The regressing 
Items (1 )  and (2)  are  discussed elsewhere i n  this re- 
In this section brief mention will be made of some qualitative t e s t s  and 
23 
2 A t  0.1 atm pressure and with a laser  flux of a few cal/cm sec,  the 
For sandwich configurations b u r n i n g  ra te  of AP i s  approximately 0.1 mm/sec. 
i t  i s  desirable t o  have a polymer tha t  ablates a t  approximately the same ra te  
under the same conditions. We have pyrolyzed specimens of several types of 
polymers over a range of fluxes and i n  an N2 atmosphere. Observations were 
made from motion pictures which were taken.  The materials selected were poly- 
styrene, polyvinyl chloride, polymethyl methacrylate, and carboxy-terminated 
polybutadiene. The  re la t ive  extents and rates of melting, charring and gasi- 
f ication were observed. PMM was found t o  be the most ideal choice for  sand- 
wich-type propellant samples. PVC and CTPB were satisfactory also,  b u t  poly- 
styrene was found t o  melt too readily and gasify too rapidly. Accordingly, 
PMM was selected for  most of the sandwich burn ing  experiments. 
Measurements were made of the composition of the laser- 
induced pyrolysis products of two of these polymers. 
styrene are shown i n  Figure 8. Data obtained for  PMM have not yet been analyzed. 
Typical resul ts  for  poly- 
2 .  Gas Flow Patterns 
The technique of incorporating par t ic les  into the propellant sand- 
wiches to  determine the aerodynamic structure of the flame is valid only if  
the par t ic les  follow the gas stream w i t h  reasonable accuracy. 
s t a r t s  a t  r e s t  a t  the surface of the propellant and w h a t  one needs t o  know i s :  
What s ize  par t ic le  is necessary i n  order t o  accelerate to  w i t h i n  a specified 
fraction of the gas velocity i n  a given distance? This s ize  can be estimated 
as follows. 
flame-gas drag-force, and this acceleration force is  balanced by the par t ic le ' s  
iner t ia .  
A par t ic le  
After a par t ic le  leaves the surface i t  i s  accelerated by the 
The drag force i s  given by Stoke's law 
- 
Fdrag = 6 ~ 0  nv r (5) 
where 17 is the gas viscosity,  nv is the slippage which is the difference be- 
tween the gas velocity and the par t ic le  velocity, v 
radius. 
the particle mass, equal t o  4 / 3 m  p ( p  = part ic le  density). 
and ; is  the par t ic le  
Solving for  F: 
P '  
The drag force can be equated to  the acceleration force,  ma, w i t h  m, 
-3 
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Estimating TI as 5 x g/cm sec and p as 4.0 g/cc fo r  A1203; wr i t ing  the 
average acceleration, 2, as the gas velocity divided by the residence time, 
v,/T; and requiring a slippage of 20 percent, i . e . ,  v = 0.8 v 
9’ 
av = 0.2 v 
P g’  
- d m - c m  . (7) 
J9.0 10-4 0.2 - 
4(vg/T) 4.0 
We can compute a value for  T by dividing the flame zone thickness by 
v The zone thickness we take as 0.2 cm. v i s  given by v = Io p /p  where 
“2 g/cc; and p 
2 x lom5 g/cc based on a pressure o f  0.1 atm, an average molecular weight of 
30, and an average temperature of 1500°K. Hence, T is  7 x lom5 sec, and r be- 
comes approximately l micron. 
roughly the s ize  of the particles t o  use. The actual par t ic les  in the flow 
pattern experiments were of 2-5 microns in radius, chosen to  sa t i s fy  the above 
calculations and also the requirement tha t  they be large enough to  re f lec t  or 
sca t te r  enough l igh t  t o  see them. 
g ’  9 g 5 g  
i s  the l inear  regression rate  of the sandwich, -0.03 cm/sec; ps i t s  density, 
the gas density, a reasonable average value fo r  which i s  
,O 
!3 
Such calculations provide a basis for  determining 
Approximately 35 runs were carried o u t  t o  study the gas flow patterns. 
I t  was anticipated that  par t ic le  tracks similar t o  those photographed for  gas 
flames would be obtained (2,3). 
which we do not as yet  completely understand. 
par t ic le  tracks originating from the point a t  the binder-AP interface where 
the A1203 was located, sporadic streaks were observed. 
from any random point on the en t i re  sandwich surface. 
somewhat idealized line-drawing of what a deflagrating propellant sandwich 
looks l ike .  
decomposition flame and the blue zone the fuel binder-oxidizer flame. 
In f ac t ,  quite different  resul ts  were found 
Instead of observing d i s t inc t  
These would originate 
In Figure 9 we show a 
There are  three flame zones, the two orange zones being the AP 
26 
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Figure 9. Diagram of Burning Propellant Sandwich at 0.1 atm Illustrating 
F lame Zones and Particle Streaks.  
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The drawing is approximately to  scale.  The ridge d e f i n i n g  the AP phase-transition 
is  discussed i n  a l a t e r  section. The streaks tha t  are i l lus t ra ted  through the 
flame and post-flame gases are observed only when par t ic les  are  incorporated 
i n  the sandwich. A number of streaks as shown i n  the figure would not a l l  
appear a t  one time, b u t  rather one or sometimes two tracks would appear a t  
intervals of a few tenths of a second. 
or  down and sometimes were very e r r a t i c .  
The paths of the tracks would curve up 
A t  present we believe the streaks are caused by the A1203 par t ic les  
migrating over the surface of the propellant. The  tracks may be agglomerations 
of particles or ,  more l ike ly ,  small fragments of AP which are somehow dislodged 
and shoot  out from the surface. 
the flow because i t  was possible to  measure velocity i n  one photograph and 
th i s  was substantially lower than the calculated gas velocity. 
tha t  the idea of A1203 migrating over the propellant surface is n o t  inconsis- 
tent  w i t h  a finding of Hightower and Price (5) .  
a t  high pressure and u s i n g  single crystals  of AP, they found t h a t  the AP sur- 
face of quenched samples was markedly changed when l i t h i u m  fluoride was incor- 
porated into the binder. 
behavior observed i n  these flow pattern measurements. 
I t  i s  certain tha t  the tracks are  not following 
I t  is noted 
In sandwich b u r n i n g  experiments 
Experiments are planned to  pursue the curious 
3. General Remarks on Flame Characteristics 
I t  i s  of in te res t  t o  specify approximately the conditions under 
which sandwich propellants will exhibit  premixed or diffusion flames. 
a 0.1 atm flame w i t h  polymer slab thicknesses of , say, 50, 500 and 5000 
microns. 
t d y  from the equation, t d  = x /2D, where x i s  given by the thicknesses above 
and D is the diffusion coefficient.  A reasonable value for  the l a t t e r  a t  0.1 
atm and 1500°K i s  20 cm /sec. The values of t d  then are roughly IOm6, 
10" seconds, respectively. (The l a s t  value is somewhat f i c t i t i ous  since the 
AP slabs are  thinner than the assumed binder). 
Consider 
We can calculate corresponding "characterist ic d i f f u s i o n  times , ' I  
2 
2 and 
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These values can be compared w i t h  the residence time for  an element 
of reactant i n  the flame zone. This will be the T which was previously 
estimated i n  Section 111, B,2 as of the order of 
tha t  for  a b inder  thickness of 0.5 mm, which was most commonly used i n  this 
study, the character is t ic  diffusion time and residence time are  comparable. 
The flame is then expected to  be neither purely premixed nor diffusion. The 
flame for  which the composition traverse is  shown i n  Figure 11 should be essen- 
t i a l l y  a diffusion flame according to  this analysis. 
seconds. T h u s  i t  appears 
Next we can consider what i s  called i n  Figure 9 the r idge  defining 
the phase t ransi t ion.  The orthorhombic t o  cubic phase transit ion which AP 
undergoes a t  243°C has been used by others ( 6 )  as a temperature marker i n  the 
combustion wave from which the surface temperature of AP could be calculated. 
On motion pictures of the deflagrating sandwiches, we have consistently noticed 
a l ine or ridge a short distance from the AP surface which regresses w i t h  the 
surface. We suspect t h i s  t o  be the phase t ransi t ion boundary, and t o  provide 
one check on this assumption we have made the following simple calculation. 
The boundary l i e s  roughly 1 mm below the AP surface. Assuming a surface 
temperature 300 degrees above the phase t ransi t ion temperature and a l inear  
gradient in the so l id ,  AT/AX is  "3000 deg/cm. The  thermal conductivity of AP 
2 i s  -0.001 cal/cm sec degrees, hence the heat f l u x  into the solid -3 cal/cm sec. 
The flux from the gas must therefore be of the order of 10 cal/cm sec, since i t  
must provide an additional vaporization heat which i s  probably somewhat higher. 
Since th i s  is close to  the estimated heat f l u x  from the laser  p l u s  the gas 
flame, the assumption t h a t  we are seeing the phase-transition boundary i n  the 
combustion is well supported. 
2 
4. Temperature Profile 
Several temperature traverses were made of sandwiches consisting of 
The resul ts  of these measurements are shown i n  Figure 10. 0.020'' PMM and AP. 
A decomposition flame was clear ly  present i n  the runs a t  80 torr. 
ture profiles indicate that  the conductive heat f l u x  from the flame t o  the 
surface is  of the order of 0.9 t o  1.3 cals  cm-' sec-' a t  this pressure. 
The tempera- 
This 
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heat  f l u x  i s  from 7 t o  15% o f  the magnitude o f  t he  i n c i d e n t  r a d i a n t  f l u x .  
observed sur face temperatures are  i n  the range 690-780°K, i n  e x c e l l e n t  agreement 
w i t h  the  measurements o f  previous i n v e s t i g a t o r s  (7 ) .  
The 
The low-pressure run  a t  0 - 3 t o r r  i n d i c a t e s  a n e g l i g i b l e  heat-release 
i n  the gas phase, and i t s  subsurface temperature p r o f i l e  i s  e s s e n t i a l l y  iden- 
t i c a l  w i t h  the  p r o f i l e s  o f  the  h igher  pressure runs. 
e n t i r e l y  by the ex terna l  l a s e r  source. 
I t  i s  c l e a r l y  maintained 
A t  80 t o r r ,  the flame zone th ickness i s  o f  the  order  o f  0.14 cm, 
which i s  s t i l l  somewhat smal le r  than i s  d e s i r a b l e  f o r  good s p a t i a l  r e s o l u t i o n .  
Since the  flame zone th ickness i s  e s s e n t i a l l y  i n f i n i t e  f o r  the 0 - 3 t o r r  run,  
a convenient opera t ing  pressure i n  the  range 10 - 50 t o r r  should be optimum 
f o r  s tudy ing the s t r u c t u r e  o f  the fue l -pe rch lo ra te  d i f f u s i o n  flame. 
The observed flame temperature o f  1900-2000°K i s  in te rmed ia te  between 
the temperature o f  pure AP (-1200°K) and t h a t  o f  a p r o p e l l a n t  mix tu re  (-2700°K). 
Th is  i s  i n  good agreement w i t h  t h e o r e t i c a l  expectat ions f o r  the  d i f f u s i o n  
f 1 ame . 
5. Composition Measurements 
A se r ies  o f  composi t ion t raverses were made o f  AP-PMM sandwiches a t  
pressures o f  40, 60 and 30 t o r r .  The bes t  measurements from a t o t a l  o f  f o u r  
t raverses through a composite sample are shown i n  F igure  11. 
i n i t i a l l y  1-2 mm above the surface, and was made t o  t raverse  across the  sur-  
face by p i v o t i n g  the  probe about an ax i s  above the  sample. 
i n i t i a l l y  near the  edge o f  the sample as i nd i ca ted  i n  the  f i g u r e .  
mass 40 i s  due t o  the  Argon gas background. 
c o n t r i b u t i o n s  from N2, C O  and poss ib l y  C2H4. 
CO can come e i t h e r  from the  PMM, o r  as a decomposition product  o f  t he  d i f f u s i o n  
flame. The mass 30 and 32 peaks are  from NO and O2 and are  c l e a r l y  from the  AP 
flame. The mass 18 peak i s  from H20 which i s  a product  o f  both the  pure AP 
flame and the  d i f f u s i o n  flame. The peak a t  mass 26 i s  from C2H2; wh i l e  the  
peak a t  12 i s  C , d i s s o c i a t i v e l y  i on i zed  from var ious hydrocarbons and/or oxides 
The probe was 
The probe was 
The peak a t  
The peak a t  mass 28 i s  the  sum o f  
The n i t r o g e n  i s  f rom the AP; the  
+ 
30 
Conductive Heat-to-Surface 
Laser Flux Burning Rate i g ( g )  , (cals cm-2sec-1) 
sg 
Pressure 
Run No. (torr) (cals cm-2sec-1) (ko, cm sec- l )  
0.9 1 80 Sample Poorly Aligned 
3 80 7 0.02 1.3 
2 80 14 0.04 1.1 
4 0-3 12 0.02 co.1 
I I I I I I I I 
1.0 0 -1.0 -2.0 -3.0 -4  0 ~ 0 
03 
W 
N 
N 
2 .o 
DISTANCE ABOVE SURFACE, d (mm) 
Figure 10. Temperature Profiles for AP-PMM (20 mil) Composites. 
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of carbon. 
d i s t i nc t  zones: 
pyrolysis products of PMM. 
the sample i s  caused by the f ac t  tha t  the pure AP flame tends to  be excluded 
from the region above the binder by the decomposition products of the binder. 
The peak i n  the C2H2+ in tensi ty  near the center of the sample is caused by the 
unreacted decompositon products of the PMM. The  shape of the mass 28 peak 
clearly indicates tha t  i t  i s  a superposition of N2 from the pure AP flame, and 
CO which can come from e i ther  the AP-binder diffusion flame, or the b inder  
pyrolysis. 
effects  previously discussed. A similar skewness i s  observed for  the HC1 peak 
(not shown i n  the f igure) .  
These resu l t s  a re  excellent confirmation of the existence of two 
a zone containing the pure AP flame and a zone containing the 
The minimum i n  the O2 and NO peaks a t  the center of 
The marked skewness in the H20 peak is caused by wall absorption 
The choice of PMM as a binder introduces several ambiguities in the 
spectral identification. 
15 using N H4 C104. 
a product of the composite flame. 
a s  PMM introduces s t i l l  another ambiguity between the binder pyrolysis products 
(CO,  C O P )  and the same products formed in the composite flame. The  H20 ob- 
served i s  formed mainly from two sources: AP flame or composite diffusion- 
flame. I t  would be deisrable t o  choose a binder material which had similar 
pyrolysis r a t e  t o  PMM, b u t  whose composition were such t h a t  these ambiguities 
were minimized or eliminated. 
The ambiguity between N2 and CO can be avoided by 
The N2 i s  a product of the pure AP flame, while the CO i s  
The use of an oxygen-containing binder such 
If  one uses the composition data near the edge of the sample as  being 
representative of the composition of the pure AP flame, one obtains f a i r  agree- 
ment with the previous measurements i n  Table I:  
O2 ( l l % ) ,  HC1 (8%), NPO ( 3 % ) ,  NO2 ( 1 % ) )  and some chlorine. 
H20 ( 4 2 % ) ,  N2 (26%), NO (9%), 
P 
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IV. FUTURE PLANS 
The experimental capabili ty of obtaining measurements of the 
temperature, composition and flow f i e lds  of laser-induced, low pressure 
diffusion flames of ammonium perchlorate and organic binders will be 
ut i l ized for  a systematic and accurate acquisition of these d a t a .  Com- 
position, temperature and flow structure will be determined as a function 
of pressure and radiant f lux,  in the pressure range 0.005 t o  0.25 atm, 
and in the laser-flux range 1-15 cals  cm" sec-' . 
will be analyzed as required for  extrapolation to  the higher pressure 
ranges and smaller dimensions of flames i n  ordinary combustion environments. 
The data so obtained 
Although the apparatus developed during the f i r s t  year of t h i s  
program i s  clearly adequate for  accomplishing the objectives of determining 
the temperature and composition f i e lds ,  nevertheless there are  several problem 
areas tha t  indicate t h a t  refinements of the experimental apparatus are desirable 
Improvement of the spat ia l  uniformity and temporal 
s t a b i l i t y  of the radiant 1 aser source. 
(1 1 
These are: 
(3)  
(4) 
(5) 
Redesign of the probe positioning system t o  permit 
more precise control of the probe location relat ive 
t o  the solid surface d u r i n g  traverses. 
A d d i t i o n  of a thermocouple t o  the quartz probe t o  
permit the simultaneous detection of bo th  the tempera- 
ture and composi ti on f i el ds . 
Modification of the probe side-arm to reduce s t i l l  
fur ther  absorption effects  and time delays. 
Improvement of the external source of illumination 
and photographic methods to  provide for  accurate 
measurements o f  the flow f ie ld .  
I t  i s  planned to  develop these improvements as an integral part of 
the program of data acquisition. 
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VI. NOMENCLATURE 
b 
D 
Heat capacities per gram of the gas above the surface ( ),  
the s o l i d  ( X ) ,  the reactant(s)  ( A ) ,  the product(s) ( B )  i! cal gm”]. 
The mutual i n  erdif usion coefficient for  fuel and oxidi- 
zer gases [cm sec 1. 5 -1 
The emissivity o f  the propellant surface [dimensionless]. 
S E: 
I 
r 
r 
- 
g p X  and P 
T 
- 
TS 
Tb 
P 
T 
TU 
9 
V 
The la ten t  heat of vaporization per gram of solid [cals gm-’1. 
The burning-rate dependent f a  tor fo r  the non-adiabatic 
conductive-convective losses E cals cm-31. 
The total  non-adiabatic losses from t h  surf ce-state 
The burning-rate independent loss term [cals cm-* sec-’1. 
zone (S)  $0 the surroundings [cals cm’ ! ? ?  sec” 1.
The net radiant flux loss from the surface to  the sur- 
roundi ngs [cal s cm-2 sec-I] . 
The incident radiant flux [cals cm-2 sec-’1. 
The surface re f lec t iv i ty  (dimensionless). 
The average par t ic le  radius [cm]. 
The density of the solid and the gas [gms ~ m - ~ ] .  
The temperature [ O K ] .  
The  surface temperature [ O K ] .  
The temperature of the burned gases [ O K ] .  
An equivalent ”preheat” temperature [ O K ] .  
The i n i t i a l  temperature of the unburned solid [ O K ] .  
The l inear  velocity of the gas above the burning 
surface [cm sec-11. 
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A+B V 
AV 
X 
X 
0 
0 
A 
11 
The b u r n i n g  velocity of a simulated flame above the 
surface, preheated to  the surface temperature [cm sec 1. -1 
The difference be ween the gas velocity and par t ic le  
velocity [cm sec- f ] 
The 1 inear coordinate [ C m l *  
The planar surface discontinuity [cm]. 
The velocity of the preferred coordinate frame ( the 
laminar b u r n i n g  ra te )  [cm sec-11. 
The gas viscosity [gm an-’ sec-’1. 
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